Daniel Rojas: Prenatal arsenic exposure and the epigenome: Identifying sites of 5-methyl cytosine alterations that predict functional changes in gene expression in newborn cord blood and subsequent birth outcomes (Under the direction of Rebecca C. Fry) Prenatal exposure to inorganic arsenic (iAs) is detrimental to the health of newborns and increases the risk of disease later in life. Here we examined newborn cord blood leukocyte samples from the Biomarkers of Exposure to ARsenic (BEAR) pregnancy cohort in Mexico. Changes in iAs-associated DNA methylation were compared to corresponding gene expression levels and birth outcomes. 2,705 genes were identified with iAs-associated differences in DNA methylation. In contrast to minimal association genome-wide, site-specific analyses identified DNA methylation changes that were most predictive of gene expression levels. 16 genes were identified with correlated iAs-associated changes in DNA methylation and mRNA expression, and with enrichment for binding sites of several transcription factors. Furthermore, DNA methylation levels were associated with birth outcomes. These data highlight the complex interplay between DNA methylation and functional changes in gene expression and health outcomes and underscore the need for functional analyses coupled to epigenetic assessments.
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viii Exposure to inorganic arsenic (iAs) at levels that exceed the World Health Organization's (WHO) recommended limit of 10 µg/L currently impacts the health of individuals in countries around the globe (ATSDR 2007; WHO 2006) . Chronic iAs exposure is of considerable concern as it is associated with the development of cancers, including the liver, lung, prostate, skin, and urinary bladder as well as other chronic diseases in adults (ATSDR 2007) . In addition to the health consequences from chronic exposure, in utero exposure to iAs is associated with detrimental health consequences in infancy including increased risk for infection and increased risk for both cancer and non-cancer endpoints later in life (reviewed in (Bailey and Fry 2014) ).
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The development of iAs-associated diseases likely result from several mechanisms of toxicity including the alteration protein function via direct binding to sulfhydryl groups as well as the generation of oxidative stress. Oxidative stress, in turn, can damage cellular macromolecules such as proteins, lipids and DNA (Jomova et al. 2011) . IAs exposure has also been shown to alter the expression of genes involved in key biological pathways such as DNA repair (Andrew et al. 2003) . Prenatal iAs exposure has been associated with altered gene expression in human cord blood leukocytes and various target tissues in rodents (Fry et al. 2007; Liu et al. 2004; Liu et al. 2006; Rager et al. 2014) . It is probable that these changes in gene expression are regulated, at least in part, by epigenetic alterations as supported by evidence of changes in genomic 5-methylcytosine patterns associated with prenatal arsenic exposure in human cord blood leukocytes (Kile et al. 2012) .
During the DNA methylation process in mammals, a methyl group is enzymatically added to the 5' position of cytosines mainly in the context of CpG dinucleotides . Alterations in DNA methylation across the genome can lead to changes in genomic integrity and the silencing or expression of genes or entire chromosomes . DNA methylation patterns are highly dynamic during embryonic development, and changes during this stage may lead to permanent reprogramming, resulting in life-long effects (Tobi et al. 2009 ). While it is generally accepted that CpGbased methylation can lead to decreased gene expression, evidence shows these relationships are far more complex. For example, DNA methylation does not invariably lead to gene silencing, and in multiple cases it has been observed to result in increased expression or have no relationship with gene expression (Bock et al. 2012; Boellmann et al. 2010; Dosunmu et al. 2012) . Previously published research has demonstrated that both chronic as well as prenatal exposure to iAs is associated with DNA methylation changes in humans (Kile et al. 2012; Kile et al. 2014; Pilsner et al. 2009; Smeester et al. 2011) . However, to our knowledge, the relationship between altered levels of DNA methylation, gene expression, and health outcomes has not been previously examined in newborns exposed to arsenic in utero.
To assess the relationships between prenatal iAs exposure, DNA methylation, gene expression, and birth outcomes we utilized samples and data obtained through the Biomarkers of Exposure to ARsenic (BEAR) prospective pregnancy cohort. This cohort includes women from Gómez Palacio, in the state of Durango, Mexico (Rager et al. 2014) . In this area, iAs in drinking water often exceeds 50 µg/L, and adverse health effects associated with iAs exposure, including skin lesions and diabetes mellitus, have been previously identified (Rager et al. 2014) . We recently assessed the impact of prenatal exposure to arsenic on genome-wide mRNA expression profiles in blood leukocytes of a nested set of newborns within the cohort (Rager et al. 2014) . In the present study, we expand upon this research to examine the relationship between DNA methylation levels and transcriptional changes in a gene-specific manner. At baseline (i.e. independent of iAs), the predicted negative correlation between DNA methylation and gene expression was observed. In the context of iAs-associated changes in DNA methylation, we demonstrate that DNA methylation at individual CpG sites and/or methylation averaged across CpG sites for a given gene was not necessarily predictive of gene expression change. Genome-position-specific analysis identified the sites that were most predictive of functional change. A subset of genes with altered DNA methylation levels were identified that were both associated with gene expression as well as birth outcomes.
CHAPTER 2: METHODS

Study subjects
This study was approved by the University of North Carolina at Chapel Hill's Institutional
Review Board (#10-1583) and at the Universidad Juárez del Estado de Durango (UJED), del Estado de Durango Gómez Palacio, Durango, Mexico. BEAR participants were recruited near the time of delivery at the General Hospital of Gómez Palacio. Detailed information on participation requirements, and maternal characteristics for the larger study population are described elsewhere (Rager et al. 2014) .
Subcohort selection and determination of DW-iAs and U-tAs
The present study focuses on a comparative analysis of mRNA expression and DNA methylation profiles from 38 cord blood samples obtained from mother-newborn pairs from the larger BEAR cohort of 200 mother-newborn pairs. The samples were selected to include newborns exposed to varying levels of arsenic as determined by iAs levels in drinking water (DW-iAs; g/L) and the levels of total maternal urinary arsenic (U-tAs; g/L). U-tAs is defined as the sum of the levels of iAs and its monomethylated (MMAs) and dimethylated metabolites (DMAs) (Rager et al. 2014) .
Cord blood genomic and epigenomic assessment
To assess DNA methylation levels, isolated DNA was first bisulfite-converted using the EZ DNA methylation kit (Zymo Research, Irvine, CA). The converted DNA was then hybridized onto the Infinium HumanMethylation450 BeadChip (Illumina, San Diego, CA). This platform assesses the methylation levels of a total of 486,428 individual probes each measuring the methylation levels at a single CpG site.
Methylation levels were calculated and expressed as β values (β = intensity of the methylated allele (M) / (intensity of the unmethylated allele (U) + intensity of the methylated allele (M) + 100) as in (Joubert et al. 2012) . Methylation data were normalized using a quantile-based methodology (Bolstad et al. 2003) as well as beta-mixture quantile normalization (BMIQ) (Teschendorff et al. 2013 were removed (Pidsley et al. 2013) (n=59,732) , leaving a total of 424,935 probes for further analyses.
Median gene methylation was defined as the median methylation β value across subjects summarized for all probes corresponding to a particular gene.
Sites of U-tAs-associated differential DNA methylation were identified using a multi-variable regression model where the dependent variable was DNA methylation and the independent variable was U-tAs. The covariates were selected based on their association with both exposure and outcome using a bivariate analysis (p<0.05) or based on their a priori status as known confounders and included the following variables: newborn gender (binary variable) and birth weight/gestational age (continuous variable). Batch effect was not a significant source of variation as evaluated using principal component analysis (PCA). Significant probes were identified based on a false discovery corrected q-value <0.05.
Comparison of differentially methylated genes to published studies
Kile et al. identified 500 probes in the Infinium HumanMethylation450 BeadChip for which methylation changes can be used as surrogate measurements of changes in the underlying cell population mixture (Kile et al. 2014) . The probes identified in the present study were compared against the cell population-related list identified by Kile et al. (2014) in order to test whether the iAs-associated changes were related to potential shifts in cell population. Additionally, the probes/genes identified in the present study were also compared to probes/genes previously identified in other human studies as having DNA methylation changes associated with iAs exposure (Chanda et al. 2006; Gribble et al. 2014; Marsit et al. 2006; Pilsner et al. 2009; Smeester et al. 2011 ).
Assessment of DNA methylation across six different genomic regions
Region-specific DNA methylation analysis was carried out using probes annotated to one of six gene-specific regions: (i) 3' untranslated region (3'UTR), (ii) gene body (Body), (iii) first exon (1 st Exon), (iv) 5' untranslated region (5'UTR), (v) 200 base pairs upstream of the transcriptional start site (TSS200) and (vi) 200 to 1500 base pairs upstream of the transcriptional start site (TSS1500). A Chi-squared test was used to compare the distribution of differentially methylated probes to the overall region distribution of probes in the platform. A one-sample proportion test was run to identify each deviation from the expected proportion in each region.
Comparison of DNA methylation data to the gene expression data
The mRNA expression data were obtained from our prior study in which RNA isolated from newborn cord blood samples were quality assessed and hybridized to the Affymetrix GeneChip ® Human
Gene 2.0 ST Array (Rager et al. 2014) . The detailed analytical methods used to identify U-tAs-associated gene expression is previously described (Rager et al. 2014) . Complete gene expression data from cord blood leukoctyes were obtained from the same 38 subjects as used in the present DNA methylation analysis (Rager et al. 2014) .
As a first assessment in the analysis, probe methylation levels were compared to gene expression at baseline (i.e. arsenic-independent analysis) focusing on genes with highest expression levels (n=5,000)
and genes with the lowest expression levels (n=5,000). Biological functions enriched amongst the highest and lowest expressed genes were identified using Ingenuity Pathway Analysis (Ingenuity Systems ® , Redwood City, CA). For direct comparisons between DNA methylation and mRNA expression, fold changes in mRNA level were compared to β differences. Specifically, subjects within the highest exposure quartile (HEQ) were compared relative to subjects within the lowest exposure quartile (LEQ) as used previously to calculate iAs-associated gene expression fold changes (Rager et al. 2014) . Differences in DNA methylation were calculated for each probe set where β difference was calculated as: (average β value HEQ)-(average β value LEQ). Matches between the DNA methylation and gene expression platform were based on Human Genome Organization (HUGO) annotations. Genes overlapping between the differentially expressed gene (DEG) list and the differentially methylated gene (DMG) list were also tested for linear correlations between expression levels and DNA methylation levels.
Genes with CpG methylation levels significantly associated with U-tAs and gene expression were further analyzed for correlations with seven recorded birth outcomes from the BEAR subjects including gestational age, birth weight, birth weight/gestational age, newborn length, five minute APGAR (appearance, pulse, grimace, activity, respiration) score, placental weight, and head circumference.
Enrichment analysis of transcription factor binding sites within the promoter regions of differentially methylated genes
In order to identify potential transcriptional regulators that may be related to arsenic-associated changes in DNA methylation, enrichment analysis of upstream sequences for regulatory transcription factors was performed amongst the differentially methylated genes that showed correlation with gene expression levels. Genomatix software suite (Genomatix Software GmbH, Munich, Germany) was used to retrieve the promoter regions defined as 1000 base pairs (bp) upstream of the transcription start site (TSS) to 50 bp downstream from the TSS. Transcription factors with significant statistical enrichment were defined as those with p-value<0.05 (Ho Sui et al. 2005) .
CHAPTER 3: RESULTS
Characteristics of the BEAR cohort
The BEAR pregnancy cohort comprises 200 women and their newborns located in Gómez Palacio, Mexico. Using a subset of 38 newborn cord blood samples from this larger cohort, the present study utilized cord blood leukocytes as the cell type of interest and integrated DNA methylation levels with mRNA expression levels as a functional read-out. The samples analyzed were selected to include subjects exposed to varying levels of arsenic as determined by both DW-iAs and U-tAs.
In the present study, cord blood samples were analyzed from newborns (n=38) whose mothers were exposed to DW-iAs at levels ranging between the limit of detection (LOD) of 0.456 and 236 µg/L.
The mean concentration of U-tAs in the cohort analyzed for gene expression and DNA methylation analysis was 73.87 µg/L (median=32.57 µg/L) and mean concentration of DW-iAs was 54.1 µg/L (median=24.2 µg/L) ( Table 1) . Of the drinking water samples collected from the parent cohort, approximately half (n=21, 55.2%) had DW-iAs levels that exceeded the WHO standard (10 µg/L) ( Table 1) . The levels of DW-iAs and U-tAs were significantly correlated in both the current subcohort (r = 0.74, p-value < 0.001, n=38) and the larger BEAR cohort (r = 0.51, p-value < 0.001, n=200). Additional demographic characteristics of the larger cohort participants are previously described (Rager et al. 2014) .
Identification of genes with U-tAs-associated 5-methyl cytosine levels in fetal cord leukocytes
U-tAs-associated changes in 5-methyl cytosine levels were assessed for more than 450, 000 probes and, after filtering for probe quality and quantile normalization, median beta values were calculated across the 38 subjects. The distribution of the median beta values for the analyzed probes (n=424,935) exhibited a bimodal pattern where probes displayed either very low or very high median methylation levels (Figure 1 ).
An adjusted multi-variable regression model was used to identify individual CpG sites with arsenic-associated differences in cord blood leukocyte DNA methylation where the exposure was defined as maternal U-tAs. A total of 4,771 probes, corresponding to 2,919 differentially methylated genes (DMGs), displayed differential U-tAs associated methylation (q<0.05) ( Table S1) . Of those probes, 34% (n=1,621) displayed hypo-methylation as U-tAs levels increased and 66% (n=3,150) displayed hyper-methylation as U-tAs levels increased.
Comparison of differentially methylated probes with previously published studies
The U-tAs-associated DMGs were compared to a list of 500 probes that are most informative of changes in leukocyte population as defined by Kile et al. (Kile et al. 2014) and no overlap was found. Koestler et al. (2013) published a list of top 100 probes with arsenic-associated DNA methylation changes in cord blood leukocytes from prenatally-exposed newborns. A comparison to the previously mentioned dataset revealed overlap in a probe within the gene histone cluster 1, H2ac (HIST1H2AC).
Similarly, 19 probes representing 18 genes were identified as DMGs in the present study as well as in another study that evaluated DNA methylation in circulating blood leukocytes from an adult population in Mexico exposed to iAs (Smeester et al. 2011) (Table S2 ). In addition, genes analyzed in previous studies including Ras association domain family member 1 (RASSF1), estrogen receptor 1 (ESR1), cyclindependent kinase inhibitor 2A (CDKN2A), and tumor protein p53 (p53) demonstrated at least one probe with arsenic-related methylation changes in the present dataset (p<0.05) (Table S2) (Chanda et al. 2006; Gribble et al. 2014; Marsit et al. 2006; Pilsner et al. 2009 ). Thus, numerous genes identified in the present study as DMGs were also identified in prior studies of arsenic-associated DMGs.
Identification of genomic regions enriched within the U-tAs associated probes
To note, the probe distribution within the Illumina Infinium HumanMethylation450 BeadChip platform does not uniformly assess for DNA methylation patterning across the genome. Specifically, of the gene-annotated probes, the BeadChip contains more probes (n=161,677 or 44%) that assess CpG methylation in the gene body versus probes that assess methylation in the 3'UTR (n=17,494, 5%) ( Figure   2 ). To determine if there was an enrichment of probes identified with U-tAs-associated differential methylation for a given genomic region, analysis was performed relative to the probe distribution for the Illumina platform. The distribution of differentially methylated probes was significantly different from the platform distribution for five of six regions. Specifically, the 3'UTR and gene body were enriched within the probes that showed differential U-tAs associated DNA methylation, while the 1st exon, TSS200 and the 5' UTR were under-represented (Chi-Squared= 130.2, df = 5, p-value < 2.2x10 
Comparison of U-tAs-associated DNA methylation differences and mRNA expression changes
When comparing arsenic-independent levels of DNA methylation between genes with high expression (n=5, 000) versus genes with low expression (n=5, 000), the average methylation levels of the highest expressed genes (mean=0.37, SD=0.20) were significantly lower than the average methylation of the weakly expressed and/or non-expressed genes (p<0.0001; mean=0.56, SD=0.24) (Figure 3 ).
Functional enrichment analysis comparing genes with the highest gene expression and lowest DNA methylation where β<0.3 (n=2,208 genes) versus those with the lowest expression and highest DNA methylation where β>0.7 (n=1,926 genes) was performed. High expression/low methylation genes were enriched for genes controlling core house-keeping functions such as mRNA synthesis and oxidative phosphorylation. Low expression/high methylation genes were enriched in functions not typically recognized as being performed in leukocytes such as cytochrome p450 synthesis and triacylglycerol degradation (Figure 3) . Figure 3 . Density of average gene methylation values according to expression levels. The distribution in methylation levels for the genes with highest expression (n=5000) was compared to the genes with lowest expression (n=5000). Pathway analysis reveals enrichment of specific cellular functions in either high or low levels expression groups.
A total of 334 U-tAs-associated mRNAs were previously identified in cord blood leukocytes of BEAR newborns (Rager et al. 2014) . It was shown that the majority of the transcripts (n=224) decreased in mRNA abundance as U-tAs increased, while 110 transcripts increased in mRNA abundance as U-tAs increased (Rager et al. 2014) . In order to determine the relationship between U-tAs associated changes in gene expression (e.g. mRNA expression), and changes in DNA methylation, DNA methylation levels from these same study subjects were quantified and compared for all genes represented on both platforms (n=18, 761 genes). Of the 334 genes that showed differential gene expression, 269 were represented in the platform used to assess DNA methylation and could be matched to their corresponding methylation β-value (Table S3) . A total of 20% (n=54 genes) of the differentially expressed genes showed at least one site of differential methylation. When analyzing the set of DMGs (n=2,705 genes) only 2% (n=54 genes) were also present in the list of differentially expressed genes (DEGs) ( Table S3) .
Regions of DNA methylation identified as predictors of gene expression
For those genes that were represented on both gene expression and DNA methylation platforms correlations were calculated between the U-tAs-associated mRNA fold change and U-tAs-associated differential methylation ( difference). Of the genomic regions analyzed, differences in DNA methylation that occurred within the first exon were significantly correlated with changes in gene expression (p=0.04). Furthermore, when the analysis focused only on probes located within CpG islands, a highly significant association (p<0.05) was observed between U-tAs associated changes in gene expression and methylation in all regions (p=0.02).
Significance was also observed for the correlation between probes located within CpG islands in the first exon (p=0.02). Furthermore, a significant negative correlation identified for those probes within CpG islands in the 5' UTR and TSS200 (p=0.03) ( Table 2) . Association analysis was run between mRNA expression and DNA methylation across all subjects for each of the 54 DEG and DEM probes. A total of 16 genes displayed a significant correlation ( Table 3 ). To note, when contrasted to the total number of DMGs (n=2,705), this represents <1% of the total. Representative plots for probes with significant correlation between expression and methylation are shown ( Figure 5 ).
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Figure 5.
Representative plots of genes with significant correlation between U-tAs associated DNA methylation and U-tAs associated gene expression.
Further analysis of the association between the methylation levels of these 16 genes and birth outcomes identified significant associations to gestational age (n=6 probes, n=5 genes), placental weight (n=5 probes, n=5 genes), and head circumference (n=1 probe, n=1 gene). Genes with methylation at CpG sites associated with U-tAs levels and birth outcomes included: post-GPI attachment to proteins 2 (PGAP2), protein tyrosine phosphatase, receptor type, E (PTPRE), potassium voltage-gated channel, KQT-like subfamily, member 1 (KCNQ1), cyclin G associated kinase (GAK), WD repeat domain 55 (WDR55), ring finger protein 213 (RNF213), and PTC7 protein phosphatase homolog (PPTC7) ( Table   4) . Table 4 . CpG sites associated with birth outcomes in the BEAR cohort. Associations between outcomes and CpG sites were calculated using Pearson correlation.
Transcription factor enrichment analysis in differentially methylated genes and differentially expressed genes
In order to identify potential upstream regulators that could impact locations of genomic DNA methylation, gene expression levels and health outcomes, enrichment analysis for transcription factor binding sites was performed. This analysis focused on the 16 genes that showed association between differential methylation and gene expression. Binding sites for a total of 36 transcription factors (TFs) were enriched within the gene set when compared to genes with altered expression but no correlation with methylation ( Table S4 ). The top five most significant TFs enriched in the gene set included CCCTCbinding factor (zinc finger protein)-like (CTCF) (p<0.00001), early growth response (EGR) (p<0.00001), zinc finger and BTB domain containing 14 (ZF5), GLUT4 enhancer factor (HDBP) (p<0.00001), hairy and enhancer of split 1 (HES1) (p=0.00006) ( Table S4 ).
CHAPTER 4: DISCUSSION, LIMITATIONS, FUTURE DIRECTIONS AND CONCLUSIONS
In the present study we aimed to better understand the potential functional implications of DNA methylation changes associated with prenatal arsenic exposure by coupling the data with mRNA as a functional read-out along with subsequent birth outcomes. Using samples obtained from the BEAR cohort in Mexico, site-specific DNA methylation patterns were analyzed in cord blood leukocytes of newborns as they relate to concentrations of maternal urinary arsenic (U-tAs). Many genes (>2,000) displayed altered DNA methylation patterning associated with U-tAs, some of which have been observed in previous arsenic-exposed cohorts. However, these changes in DNA methylation were largely unrelated to gene expression level, a finding that is highly relevant to ongoing research that does not include functional readouts at a transcriptional or proteomic level. In contrast to earlier work estimating that ~20% of the genomic response to prenatal iAs is controlled by miRNAs (Rager et al. 2014) , the results here suggest that the transcriptional response may be minimally (~5% or 16/267) controlled by DNA methylation changes. Importantly a set of seven of the differentially methylated genes that were predictive of functional change at the mRNA level were also associated with birth outcomes including gestational age. These genes were enriched for binding sites for transcription factors and support a hypothesis of DNA methylation patterns as "environmental footprints" (Sanders et al. 2014 ) of transcription factor occupancy.
When analyzed in an arsenic-independent manner, the relationship between DNA methylation and functional gene expression was observed. As may have been anticipated, genes with high levels of DNA methylation had on average lower expression levels, and genes with low expression displayed higher levels of methylation, a finding that is consistent with previous observations comparing the methylation levels of genes according to their expression category (higher versus lower expression) (Bell et al. 2011) . Also consistent with prior observations, housekeeping genes were enriched amongst the genes with low CpG methylation levels thus potentially contributing to high housekeeping gene expression levels, as has been observed previously (Fernandez et al. 2012) . Surprisingly, when analyzed in an arsenic-dependent manner in the context of U-tAs-associated changes in DNA methylation, there was minimal association and no statistical significance between DNA methylation and gene expression on a genome-wide level (n=18,761 genes), a result that did not depend on the data normalization method used. These results highlight that changes in mRNA expression associated with U-tAs are only weakly correlated to changes in gene methylation on a genome-wide scale. Given the focus of much literature pertaining to CpG methylation on the gene-silencing effects of DNA methylation (Jones 2012 ) these results may seem unexpected. It is important to note, however, that such low correlations between gene expression and DNA methylation levels have been observed previously. For example, the Meissner lab studied genome-wide DNA methylation and expression changes across cell types and observed minimal correlation (Bock et al. 2012) . Similarly, a weak correlation was observed between gene expression and gene methylation in neocortex cells (Dosunmu et al. 2012) . Highly relevant to the present study, a study of lung cells from arsenic-exposed mice showed that overall correlation with gene expression among the differentially methylated genes was not statistically significant (Boellmann et al. 2010) . Taken together, coupling our data from the present study with data from the aforementioned studies highlights the very important finding that not all sites with altered DNA methylation are associated with changes in gene expression. Therefore, it is an important consideration that some changes in DNA methylation may represent permissive marks in the regulation of gene expression as has been proposed (Boellmann et al. 2010) , as opposed to eliciting active changes in functional gene expression.
We identified CpG methylated sites that best predict gene expression levels by performing region-specific analysis. Probes within CpG islands located in the first exon, 5' UTR and TSS200 were identified as the most predictive of gene expression, however, each representing differential effects on transcription. Our research supports previous findings of promoter methylation associated with transcriptional repression and conversely, first exon DNA methylation as a hallmark of transcribed genes (Jjingo et al. 2012; Jones 2012) . Together our data reveal the functional differences between CpG methylation in distinct genomic regions and demonstrate that DNA methylation changes positioned within CpG islands of the first exon and TSS200 most accurately predict functional consequences at the gene expression level. These findings of genome-position effects are highly relevant in the context of other studies of iAs-associated DNA methylation changes as they highlight a mechanism by which to predict potentially functional CpG methylation.
A total of 16 genes, representing <1% of the total DMGs, were identified to have significant statistical correlation between changes in U-tAs-associated gene expression and DNA methylation across study subjects. Furthermore, seven of these 16 genes also displayed an association between DNA methylation and birth outcomes, specifically gestational age, placental weight and head circumference.
Interestingly, two of the five genes associated with gestational age, namely KCNQ1 and GAK, have also been identified in a separate study investigating differentially methylated regions (DMRs) associated with gestational age (Lee et al. 2012) . Furthermore, these sixteen functionally consequential genes display an enrichment for binding sites of specific transcription factors including EGR and CTCF, both known to be altered by arsenic and their modulation may impact various cellular signaling pathways (Simeonova et al. 2000; Xu et al. 2013) . The current research provides insight into the transcriptional regulation that can potentially influence DNA methylation patterning and elicit functional change. These results build upon recent work where we demonstrated that prenatal exposure to cadmium is associated with changes in CpG methylation in cord blood leukocytes with an enrichment of binding sites for transcription factors amongst these genes. This finding suggested the potential for "environmental footprints" of prior transcription factor occupancy during times of DNA methylation (Sanders et al. 2014 ). The present study provides in silico support for the hypothesis that occupancy of U-tAs-associated transcription factors may impact the methylation status of a subset of differentially expressed and functionally consequential genes.
This study is not without limitations. The sample size in our study is relatively small thus these findings should be further validated in larger cohorts. Nevertheless, the fact that many of the gene targets displaying altered methylation and particularly those with association to birth outcomes have been found in other studies, provides support for biological relevance. Future work should also investigate whether the changes in DNA methylation and/or gene expression observed here are stable throughout time.
Together these results increase the current understanding of the complex relationships between iAs exposure during pregnancy, and epigenetic control of cellular signaling events in the infant cord blood that may impact human health.
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APENDIX 1: TABLE S1 
